Corynebacterium diphtheriae is the causative agent of diphtheria. In 2003, the complete genomic nucleotide sequence of an isolate (NCTC13129) from a large outbreak in the former Soviet Union was published, in which the presence of 13 putative pathogenicity islands (PAIs) was demonstrated. In contrast, earlier work on diphtheria mainly employed the C7(؊) strain for genetic analysis; therefore, current knowledge of the molecular genetics of the bacterium is limited to that strain. However, genomic information on the NCTC13129 strain has scarcely been compared to strain C7(؊). Another important C. diphtheriae strain is Park-Williams no. 8 (PW8), which has been the only major strain used in toxoid vaccine production and for which genomic information also is not available. Here, we show by comparative genomic hybridization that at least 37 regions from the reference genome, including 11 of the 13 PAIs, are considered to be absent in the C7(؊) genome. Despite this, the C7(؊) strain still retained signs of pathogenicity, showing a degree of adhesion to Detroit 562 cells, as well as the formation of and persistence in abscesses in animal skin comparable to that of the NCTC13129 strain. In contrast, the PW8 strain, suggested to lack 14 genomic regions, including 3 PAIs, exhibited more reduced signs of pathogenicity. These results, together with great diversity in the presence of the 37 genomic regions among various C. diphtheriae strains shown by PCR analyses, suggest great heterogeneity of this pathogen, not only in genome organization, but also in pathogenicity.
Corynebacterium diphtheriae is the causative agent of diphtheria. In 2003, the genomic nucleotide sequence of NCTC13129 (equivalent to ATCC 700971, here referred as the reference strain)-isolated in 1997 during a large outbreak in the former Soviet Union-was published, and 13 putative pathogenicity islands (PAIs) were shown to be present in its genome (9) . The 13 PAIs have been annotated based on their unusual GC contents (9) . The PAIs include tox (the genetic determinant for diphtheria toxin)-bearing corynebacteriophages, sortase genes (srtA to -E [34] ), pilin genes (spaA to -G [34] ), lantibiotic synthesis-related genes, and iron uptake-related genes. However, the contributions of these genes to C. diphtheriae pathogenesis have not yet been experimentally determined, except for the toxin, the minor pilins, and some of the sortases (34) .
In earlier research on diphtheria, the nontoxigenic strain C7(Ϫ) (equivalent to ATCC 27010)-isolated in 1949 from a diphtheria contact in California as "culture 770" and later renamed (5, 17) -has been one of the "standard" strains used for analyses of C. diphtheriae in bacteriology and pathogenicity studies (4, 5, 35, 55, 56, 60) , including the molecular biology of bacteriophages and diphtheria toxin genes (22, 38, (49) (50) (51) 62) . More importantly, C7(Ϫ) is, in fact, pathogenic to humans.
Barksdale et al. documented two cases of laboratory personnel infected with the C7(Ϫ) strain and suffering typical clinical manifestations of diphtheria, such as sore throat and pseudomembrane formation (3) . The strain is still important in molecular analysis of the bacterium (7, 24, 31, 42) . However, information from the reference genome sequence has not yet been fully integrated with other research results, except the proteomics approach of Hansmeier and colleagues (24) .
The strain Park-Williams no. 8 (PW8), originally isolated from a very mild diphtheria case during the 1890s (46) , has been widely used for toxoid vaccine production because of its great ability to secrete diphtheria toxin into the culture supernatant (46) . As PW8 is effectively the only strain employed for vaccine production, its importance in public health and the vaccine industry is incomparable. Despite its high toxin-producing activity, the PW8 strain has been regarded as avirulent, as shown by Lampidis and Barksdale by the fact that their experience with this strain for more than 20 years did not show any detectable rise in the serum antibody titer (32) .
Toxigenic strains of C. diphtheriae produce a potent extracellular protein toxin, i.e., diphtheria toxin (44) . The toxin is recognized as the main virulence factor of the bacterium and has been employed for toxoid vaccine with remarkable success (44) . The mode of action of this toxin has been extensively studied (37, 40, 41) . In contrast to research and application involving diphtheria toxin, our understanding of other factors and mechanisms underlying C. diphtheriae infections remains largely deficient. Nevertheless, several experimental systems have been constructed to clarify the mechanisms, in vitro employing HEp-2 and Detroit 562 cells (6, 26, 27, 34, 43) and in vivo using rabbits and guinea pigs (3, 18, 29, 33, 39) .
In the present paper, we aimed to relate the genome information of the reference strain to that of the C7(Ϫ) and PW8 strains using comparative genomic hybridization (CGH), and we demonstrate that most of the PAIs found in NCTC13129 are considered to be absent in C7(Ϫ) but present in PW8. The implications of these findings are discussed in relation to the results of in vivo and in vitro assays of pathogenicity.
MATERIALS AND METHODS
Bacterial strains and preparation of genomic DNA. C. diphtheriae ATCC 27010 [referred as C7(Ϫ) in the present paper], ATCC 700971 (equivalent to NCTC13129; referred as the reference strain in the present paper), and ATCC 11951 (equivalent to C4B) were obtained from the American Type Culture Collection (Manassas, VA). The vaccine strain PW8 was from our laboratory stock (39) , which originated from Harvard University. Japanese clinical isolates TM1 to -10 were from our laboratory stock. Bacterial genomic DNA was prepared by CsCl density gradient centrifugation or by using a Qiagen genomic buffer set and tips (Qiagen Co., Tokyo, Japan).
Comparative genomic hybridization. The comparative genomic hybridization (1, 25) service was provided by GeneFrontier Co. (now Roche Diagnostics Ltd., Tokyo, Japan) with NimbleGen microarrays. The tiling DNA array (1), composed of 29-to 39-mer oligonucleotide probes covering the entire reference genome at 7-nucleotide intervals, was subjected to hybridization with DNA from CsCl-purified, mechanically disrupted, and then differentially Cy3-and Cy5-labeled C7(Ϫ) or PW8 (test) and reference strain (reference) DNAs. The intensity of hybridization signals was extracted and normalized by using NimbleScan software (Roche Diagnostics). Data were analyzed as described previously (1) . Briefly, ratios of intensity were calculated for each probe and compared to the global median of intensity ratio. Outliers showing high reference/test intensity ratios were identified and excluded, and identification of outliers was repeated using the remaining data as described previously (1) . Data were converted to GFF format, and distribution of such outliers were visualized by SignalMap software (Fig. 1A to C, rows 3) . Coding sequences (CDSs) associated with such outlying probes were considered to be absent from the test genome. PCR detection of genes was performed using primers described in Table S1 in the supplemental material. Pulsed-field gel electrophoresis (PFGE) analysis of SfiIdigested genomic DNA was performed as described previously (13) with a Chef DRII apparatus (Bio-Rad Japan, Tokyo, Japan).
Adhesion of bacterial cells to the human pharyngeal cell line Detroit 562. Adhesion of C. diphtheriae cells to human pharyngeal Detroit 562 cells was assayed according to the method of Mandlik et al. (34) with slight modifications. Cells were purchased from ATCC (Manassas, VA) and cultured in minimum essential medium (MEM) supplemented with 1 mM pyruvate, 50 units/ml penicillin, 50 g/ml streptomycin, and 10% fetal calf serum (Invitrogen Japan K.K., Tokyo, Japan). Semiconfluent cultures (approximately 1 ϫ 10 6 /well) in 12-well culture plates were washed once with Hanks' balanced salt solution (SigmaAldrich Japan K.K., Tokyo, Japan) prior to the addition of bacterial suspensions. Bacteria were cultured overnight in 2 ml of brain heart infusion (BHI) broth at 37°C with vigorous shaking. After sedimentation of the bacterial cells by centrifugation at 2,000 ϫ g, they were resuspended in an equal volume of Hanks' balanced salt solution and centrifuged again. The pellet was finally resuspended in Hanks' balanced salt solution at an optical density at 600 nm (OD 600 ) of around 0.1, and 1 ml was added to Detroit 562 cell cultures. The exact viable-cell number in the bacterial-suspension inoculum was determined by appropriate dilution in saline and plating on BHI agar. The culture plates were centrifuged at 600 ϫ g for 5 min at room temperature and then incubated for 1 h at 37°C for adhesion. The wells were then washed gently 3 times with Hanks' balanced salt solution and detached/lysed with 0.5 ml of solution containing 0.25% trypsin and 0.025% Triton X-100, which had been confirmed not to be harmful to bacterial colony formation (data not shown). The lysates containing viable bacterial cells were appropriately diluted in saline and plated onto BHI agar plates for colony counting. Control wells without bacterial cells were similarly treated and assayed, and the possibility of cross-contamination among the wells was excluded. Statistical analysis (Student's t test) was performed using Excel software (Microsoft Co., Tokyo, Japan).
Intradermal challenge. Intradermal challenge was performed as follows. C. diphtheriae C7(Ϫ), PW8, and the reference strain were cultured as described above and then resuspended in a volume of saline to give approximately the FIG. 1. Comparison of genomes by CGH. Genomic DNAs of C. diphtheriae C7(Ϫ) or PW8 (test) and the reference strain (reference) were subjected to comparative genomic hybridization with NimbleGen-type tiling arrays covering the entire genome of the C. diphtheriae reference strain NCTC13129. By comparing the hybridization signals with reference DNA and with test DNA, regions present in the reference genome but lacking in the test genome were identified. (A) Summary of results for the corynephage region (PAI 1). (B and C) Summary of results from the whole C7(Ϫ) and PW8 genomes, respectively. Rows 1, CDSs in the NCTC13129 genome; rows 2, regions in which a difference between signals from the two strains was suggested; rows 3, regions suggested to be absent in the test genome; rows 4, ratio of signal intensity (reference/test, expressed as log 2 ); rows 5, signal intensity from the test genome; rows 6, signal intensity from the reference genome. The red bar in panel A indicates the span of the corynephage region.
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desired cell density for an inoculum. The exact bacterial titer of the inoculum was determined by appropriate dilution and plating. Prior to challenge, the backs of animals were shaved and then depilated with barium sulfide. The inocula (0.05 to 0.1 ml) were injected intradermally into the backs of the rabbits (1 or 2 rabbits/ group) or the mice (3 to 5 mice/group) under anesthesia. Two to 4 days after challenge, the animals were killed by deep anesthesia, the injected sites were surface disinfected with a 1:1 mixture of 70% ethanol and benzalkonium chloride solution or 70% ethanol, and the skin of the back was removed. The abscesses were excised and homogenized in 500 l of sterile saline in 1.5-ml microtubes using a conical homogenizer (Toyobo Co., Osaka, Japan). The homogenates were assayed for bacterial CFU by 10-fold serial dilution with sterile saline and plating on BHI agar plates. If no detectable colonies appeared at the lowest dilution applied, the data were excluded from consideration. Occasionally, colonies were picked from the plates, and the nucleotide sequence of the 16S RNA gene was determined (52) to confirm the bacterial species. Contamination by surface-resident bacteria was negligible, as confirmed by the absence of colonies detected by plating 100 l of undiluted skin homogenate from noninoculated regions (data not shown). Statistical analysis (Student's t test) was performed using Excel software. The animal experiments were carried out with the approval of the Animal Experiment Committee of the National Institute of Infectious Diseases. The abscesses were also examined by electron microscopy. Electron microscopy. Ultrathin (80-nm) sections of tissue fixed in phosphatebuffered saline (PBS) containing 2% paraformaldehyde and 2.5% glutaraldehyde were postfixed with 2% osmium tetroxide and embedded in Epon resin. Sections were stained with uranyl acetate and lead acetate and examined using a JEM-1220 electron microscope at 80 kV (Jeol Ltd., Tokyo, Japan) as described previously (57) .
Hemagglutination and hemolysis. Fresh human blood (type AB) was suspended in Alsever's solution (20.5 g glucose, 4.2 g NaCl, 8 .0 g sodium citrate per liter, pH 6.1), and erythrocytes were prepared by centrifugation (2,300 ϫ g) after being washed three times in PBS and subjected to hemagglutination and hemolysis assays directly or after neuraminidase and/or trypsin treatments performed as follows. Neuraminidase (from Arthrobacter ureafaciens; Nacalai Tesque, Osaka, Japan) was added to the erythrocyte suspension at 0.1 unit/ml, and the suspension was incubated for 1 to 2 h at 37°C. After the incubation period, the erythrocytes were washed with PBS three times and subjected to assays or subsequently treated with trypsin. Trypsin solution (2.5%; Invitrogen Co., Tokyo, Japan) was added to the cell suspension, followed by incubation at 37°C for 1 h, and the reaction was terminated by adding phenylmethylsulfonyl fluoride to a final concentration of 1 mM. The cells were immediately washed three times with PBS and were finally resuspended in PBS at 0.75 to 1% (vol/vol). Removal of sialic acid from the erythrocyte surface by neuraminidase was confirmed by loss of hemagglutination with sialic acid-specific MAL-II lectin (Vector Laboratories, Burlingame, CA) (data not shown).
Bacteria were cultured in BHI broth overnight at 37°C. Bacterial cells were collected by centrifugation (2,300 ϫ g) and resuspended in PBS at an OD 600 of 3 to 4. The suspension was serially 1.5-fold diluted in PBS in a U-bottom microtiter plate (the volume was adjusted to 100 l), and then 100 l of the above-mentioned erythrocyte suspension was added. The plate was kept for 16 h at room temperature, after which hemagglutination was recorded by macroscopic observation and hemolysis was assayed by measuring absorbance at 545 nm.
RESULTS
Genome organization of C. diphtheriae C7(؊) and PW8. Genomic DNA from C. diphtheriae C7(Ϫ), PW8, and the reference strain, differentially labeled with Cy3 and Cy5, were independently hybridized with the CGH tiling array covering the entire genome sequence of the reference strain. The intensities of the hybridization signals were normalized, and the ratio of the test sample [C7(Ϫ) or PW8] to the reference sample (reference strain) was calculated and used as an index to estimate the presence or absence of the respective regions in C7(Ϫ) or PW8, as described in Materials and Methods. It should be noted that regions present in test strains but absent in the reference strain cannot be detected by the CGH technology. Figure 1A shows a typical pattern of signal distribution, observed for C7(Ϫ) in a region surrounding the lysogenized corynephage (PAI 1). In the reference row (row 6), signals were seen throughout the region, while in the test row (row 5), signals were lacking in the span corresponding to the lysogenized phage genome (red bar), confirming that the nucleotide sequence for the phage genome was lacking in the C7(Ϫ) (test) genome.
Likewise, such deletions were found scattered throughout the genome, as shown in Fig. 1B . The results are also summarized in a circular map, suggesting that they may nonetheless be concentrated in certain areas (Fig. 2 ). In total, by CGH analysis, at least 37 regions from the published NCTC13129 genome-accounting for 300 CDSs-appeared to be absent from the C7(Ϫ) genome ( Fig. 2 ) (for more detail, see Table S2 in the supplemental material).
In contrast, the distribution pattern of absent regions and possibly mutated regions in the PW8 strain was largely different from that observed in the C7(Ϫ) strain (Fig. 1C, row 2) . The PW8 genome lacked as few as 14 regions, accounting for 98 CDSs. Six of the 14 regions were shared with C7(Ϫ), at least partially ( Fig. 2 ) (for more detail, see Tables S2 and S3 in the supplemental material).
In C7(Ϫ), 11 of the 13 PAIs previously identified by Cerdeño-Tárraga et al. in 2003 in the reference genome (9) were found to completely or partially overlap the regions found by CGH to be absent. In five cases, the deletion spanned the entire or almost the entire PAI. These cases included PAIs coding for a corynephage genome containing a diphtheria toxin gene (PAI 1), another potential phage genome (PAI 9), structural genes for major and minor pilins, and one putative sortase (PAI 10), as well as two other putative sortases and three putative sortase target pilin genes (PAI 13). In 7 other PAIs (PAIs 2, 4, 6 to 8, 11, and 12), a part of the DNA sequence was still present, but in most cases, it spanned less In contrast, the PAIs were fairly conserved in the PW8 genome. The two PAIs 7 and 8 were partially absent, and PAI 9 was entirely absent in the genome, but the other PAIs were considered to be present in the genome of the vaccine strain. However, as shown in Fig. 1C, row 2 , the putative mutated sites at the single-nucleotide level were suggested to be present in much greater abundance than in the C7(Ϫ) genome and were considered to span the whole PW8 genome.
In addition to the PAIs, CGH analysis suggested that at least 26 regions from the reference genome were proposed to be absent in C7(Ϫ), as mentioned above. Each region absent in the C7(Ϫ) strain contained 1 to 27 CDSs. Twenty-two regions bore 3 or more CDSs. Among them, 19 were flanked by or included inside CDSs annotated as transposases, integrases or their pseudogenes, or tRNA genes. Three exceptions were a 17-CDS region related to nitrogen fixation (CDS identifiers [ID], DIP0492 to -0508) and two 4-CDS regions (DIP0589 to -0592 and DIP1760 to -1763), which were not accompanied by such genes. Another 15 regions, composed of 1 or 2 CDSs per region, did not include and were not associated with any transposases, integrases or their pseudogenes, or tRNA genes, except one (DIP2084) adjacent to a putative transposase gene. In the PW8 strain, the sizes of the 14 absent regions were smaller than those in C7(Ϫ). Three major regions corresponded to PAIs 7, 8, and 9 and contained 21, 14, and 22 CDSs, respectively. All of the other regions corresponded to not more than 8 CDSs. Nine of the 14 regions were accompanied or surrounded by transposases and tRNA sequences. The details are summarized in Tables S2 and S3 in the supplemental material for C7(Ϫ) and PW8, respectively.
Amplification of DNA fragments corresponding to the selected CDSs located in the 37 regions proposed to be absent in C7(Ϫ) was performed with template DNA from C7(Ϫ), PW8, the reference strain, ATCC 11951 (C4B), and 10 Japanese clinical isolates using primers listed in Table S1 in the supplemental material. The results are summarized in Fig. 3 . The pattern of amplification was diverse, with some CDSs (DIP1820 and DIP1836) detectable only in the reference strain and others, such as DIP2012 (srtA) and DIP2300, detectable in most strains, except for a few, including C7(Ϫ (34) , were detected in the PW8 genome, but not in the C7(Ϫ) genome, by PCR with primers designed for detection of these CDSs.
Cell adhesion activity of C. diphtheriae C7(؊) and PW8. We then attempted to assess the pathogenicity of C7(Ϫ) and PW8 strains in comparison to that of the reference strain by in vitro and in vivo experiments. First, we examined adhesion of the C. diphtheriae strains to Detroit 562 cells (Fig. 4) . Bacterial cells were coincubated with Detroit 562 cells at an approximate multiplicity of infection (MOI) of 5 at 37°C for 1 h. We found that 10 to 20% of the added cells of the reference strain were associated with the human cell surface. The strain C7(Ϫ), suggested to lack srtA sortase and spaB and spaC pilin genes, showed reduced adhesion to Detroit 562 cells compared to the reference strain. However, the PW8 strain, in which CGH and PCR analyses suggested the presence of pilin genes, also showed a reduced level of adherence.
Persistence of bacterial cells after intradermal injection. Barksdale et al. (3) reported that toxigenic and nontoxigenic strains of C. diphtheriae formed abscesses when injected intradermally into rabbits. We first confirmed their results (see Fig.  S1 and S2 in the supplemental material). Toxigenic strains (the reference strain and PW8) formed abscesses surrounded by edema 1 day after injection. A large contribution by diphtheria toxin to the pathogenicity of C. diphtheriae was confirmed. Neutralization of diphtheria toxin by 1 IU/site of antitoxin, coinjected with the bacteria, was effective in eliminating the edema, but abscess formation was not affected. The nontoxigenic C7(Ϫ) strain formed abscesses to a degree comparable to that of the toxigenic strains, regardless of antitoxin treatment. These results were consistent with those reported by Barksdale et al. (3) . On day 2, necrotic plaques developed on sites where toxigenic strains had been injected without neutralization. On the neutralized sites, the sizes of the abscesses varied depending on the strains and numbers of inoculated bacterial cells. The abscess formed by approximately 10 6 CFU of PW8 was smaller than that formed by an equivalent number of the reference strain or C7(Ϫ). Not more than 2% of inoculated bacterial cells were recovered from homogenates of any of these abscesses (see Fig. S1 in the supplemental material). Another rabbit was inoculated with the bacteria, and observation was done on day 4. Extension of necrotic plaques was observed, and abscesses were still observable in nonneutralized and neutralized sites. The abscesses caused by PW8 (neutralized) were smaller than those caused by the other strains. In most sites, recovery of viable bacterial cells (see Fig. S2 in the supplemental material) was less than on day 2 in the separate experiment described above.
Although a large part of C. diphtheriae pathogenicity can be attributed to the main virulence factor, diphtheria toxin, the results with the nontoxigenic C7(Ϫ) strain indicated that the toxin is not the only virulence factor. Using an animal species insensitive to the toxin, concentrated analysis of factors other than the toxin might be possible. Mice are insensitive to diphtheria toxin, except when challenged intracerebrally with a large amount (45) and thus are considered to be suitable for such a purpose. In fact, mice developed abscesses after intradermal injection of C. diphtheriae cells. Figure 5A shows the inside of the skin of a mouse 3 days after inoculation of ca. 10 6 (Fig. 5A, a) and ca. 10 7 (Fig. 5A, b ) CFU of C7(Ϫ), PW8, or the reference strain. Saline was inoculated as a negative control. The abscesses formed by C7(Ϫ) or the reference strain were easily separable from the muscle and tightly attached to the skin. The yellowish contents of the abscesses were encapsulated, as revealed by light microscopy (data not shown). In contrast, no abscesses were observed, at least by macroscopic observation, in the mice injected with PW8 or saline alone.
The numbers of viable bacteria recovered from the homogenates of the abscesses were assessed. Figure 5B and C show the ratio of recovered viable cells relative to the inoculum 3 days after inoculation. For an inoculum of approximately 10 FIG. 3 . PCR analysis of selected CDSs in C. diphtheriae clinical isolates and laboratory strains. Amplification of DNA fragments corresponding to selected CDSs located in the regions proposed to be absent in the C7(Ϫ) genome was performed with template DNA from C7(Ϫ), the reference strain, ATCC 11951 (C4B), the vaccine strain PW8, and 10 Japanese clinical isolates, with primers listed in Table S1 in the supplemental material. Pink shading indicates that amplification was successful. Yellow shading indicates that weak bands were observed at positions identical to those of the band observed for the reference strain. Green shading indicates one or more bands observed at a different position(s) from that observed for the reference strain. These bands probably represent nonspecific amplification, because raising the annealing temperature from 54°C to 56°C eliminated such bands as far as we tested. No amplification was observed for the white squares. ‫,ء‬ not determined. (Fig. 5B) , slightly lower recovery was found, but it was proportionally similar. Recovery of PW8 was much lower than that of the other strains at an inoculum of 10 7 CFU and was undetectable at an inoculum of 10 6 CFU. Sections of abscesses formed by C. diphtheriae C7(Ϫ) were investigated by electron microscopy 3 days after inoculation. In abscesses formed by inoculation of C7(Ϫ), bacteria were found in vacuoles isolated from the cytosol of phagocytic cells (Fig.  6A, arrows) . Bacteria were also found in the cytosol outside vacuoles (Fig. 6A, arrowheads) . Lysosomes (Fig. 6A , asterisks) that were not fused with vacuoles were also found within the phagocytic cells. Strain C7(Ϫ) was capable of disrupting phagocytic cells (Fig. 6B, arrow) , resulting in release of bacteria into the milieu of the abscess contents. Propagating bacterial cells were found in the cytosol (Fig. 6B, arrowhead) , showing that the cytosol of mouse phagocytic cells was capable of providing an environment suitable for the growth of this bacterial strain.
C. diphtheriae C7(Ϫ) propagation was also observed inside vacuoles. Figure 6C shows growing cells with septa typical of dividing C. diphtheriae (arrowheads) (63) . The growing bacteria may be released from the vacuole into the abscess milieu outside the phagocytic cells (Fig. 6B, arrow) .
Hemagglutination and hemolysis. Log-phase cultures of the C. diphtheriae reference strain, C7(Ϫ), and PW8 were serially diluted in PBS as described in Materials and Methods, and a human erythrocyte suspension was added and then incubated at room temperature for 16 h. Hemagglutination was induced by the reference strain and was enhanced by pretreatment of erythrocytes with neuraminidase and/or trypsin (Fig. 7A) . The removal of sialic acid residues from the cell surface saccharides by neuraminidase and the removal of cell surface protein by trypsin, probably resulting in the unmasking of glycolipids (58) , might have contributed to the enhancement. In contrast, for C7(Ϫ), hemolysis was prominent (Fig. 7A) . Figure 7B illustrates the absorbance of the erythrocyte supernatant at 545 nm after 16 h of incubation with serial dilutions of a C7(Ϫ) suspension. Interestingly, neuraminidase or trypsin pretreatment of erythrocytes did not affect the hemolysis (Fig. 7B) . The reference strain exhibited much lower hemolytic activity than C7(Ϫ), with an A 545 of Ͻ0.05 with a bacterial suspension at an OD of 2.0. The PW8 strain did not show either hemagglutination or hemolysis.
The primary structure of the srtA-spaABC region and the DIP1281 locus. The region (PAI 10) previously shown to be crucial for adhesion of the reference strain NCTC13129 to Detroit 562 cells (srtA-spaABC) by Mandlik et al. (34) was shown to be present in the PW8 strain. However, the vaccine strain showed greatly reduced adhesion activity to the human pharyngeal cells. We therefore determined the nucleotide se- , with a conserved LPLTG motif at the C terminus. The genes for the other two important minor pilins (spaB and spaC) contained large and small internal deletions. The spaB gene (DIP2011; accession number AB562326) contained two in-frame deletions, 9 bp and 3 bp, exactly accounting for 3 and 1 amino acid residues, respectively. That is, the PW8 gene was 92.7% identical to that of the reference strain at the nucleotide level. The spaC gene (DIP2010; accession number AB562327) was largely impaired by a 470-bp deletion, which resulted in a frameshift mutation. Two other deletions (3 and 9 bp) were found near the 5Ј and 3Ј ends of the spaC region, respectively. The overall sequence identity with the spaC gene sequence from the reference strain, except the deletions, was 94.7% at the nucleotide level. Recently, another surface-anchored protein (DIP1281), initially annotated as a putative invasion protein, was shown to function as an adhesion factor of C. diphtheriae to Detroit 562 cells (43) . We thus compared the nucleotide sequences of the gene among the three strains {accession numbers AB562328 [C7(Ϫ)] and AB562329 [PW8]}. All three of the strains possessed the DIP1281 gene, and no internal deletion or insertion was found in any of them. The identities of the nucleotide sequences were 98.3% [reference strain versus C7(Ϫ)], 98.5% (reference strain versus PW8), and 99.3% [C7(Ϫ) versus PW8], respectively. The differences in the nucleotide sequences were reflected in 8 [reference strain versus C7(Ϫ)], 10 (reference strain versus PW8), and 4 [C7(Ϫ) versus PW8] different amino acid residues, respectively. Dilutions of the C. diphtheriae reference strain, C7(Ϫ), and a human erythrocyte suspension were prepared as described in Materials and Methods. The trypsin and neuraminidase treatments are also described in the text. The bacterial suspensions were mixed with erythrocyte suspensions in a 96-well microtiter plate; after incubation at room temperature for 16 h, hemagglutination was scored macroscopically and hemolysis was measured by absorbance at 545 nm. 
DISCUSSION
The C7(Ϫ) and PW8 strains of C. diphtheriae are two of the oldest strains available to researchers and are the main standard strains utilized in analysis of C. diphtheriae pathogenesis and vaccine production (10, 20, 32, 46, (48) (49) (50) (51) . The C7(Ϫ) strain, which can infect humans (3), was considered to lack most PAIs but still showed signs of pathogenicity, whereas the nonpathogenic (32) PW8 strain retained more PAIs but showed much reduced signs.
By comparative genomic hybridization, the C7(Ϫ) strain appeared to lack 11 of 13 PAIs. The total number of NCTC13129 (reference strain) genomic regions that we found to most likely be missing from the C7(Ϫ) genome, including PAIs, was at least 37. This corresponds to 300 CDSs, approximately 12.5% of the total number of CDSs in the reference strain.
In contrast, many fewer, i.e., 14, regions were considered to be absent in the vaccine strain PW8, isolated earlier than the C7(Ϫ) strain (46) . Among the absent regions, only three were related to PAIs. However, the difference at the single-nucleotide level between the PW8 genome and the reference genome was suggested to be greater than that between the C7(Ϫ) and reference genomes (Fig. 1C, row 2 ). In addition, large genomic diversity was observed among various C. diphtheriae strains and clinical isolates (Fig. 3) .
The regions of the reference genome that appeared to be absent in C7(Ϫ) or PW8 were in most cases flanked by, or associated with, insertion sequence (IS)-related transposases, phage-related transposases, or tRNA sequences. Short (less than 100-bp) direct repeats were also seen. In C7(Ϫ) and PW8, some of these regions were shown to be replaced by DNA fragments of various sizes, and some were shown simply to be absent, leaving one of the direct repeats (data not shown). Taken together with our preliminary PFGE results showing that the size of the C7(Ϫ) genome is larger than that of the reference genome (see Fig. S3 in the supplemental material), it may be possible that at least some of the replacing fragments have a high degree of mobility by horizontal gene transfer. Detailed analysis of such fragments would be possible by genome sequencing of the C7(Ϫ) strain, as CGH technology is not capable of detecting and analyzing such regions.
Adhesion of C. diphtheriae to human epithelial cells, followed by internalization, was demonstrated and analyzed in detail by Hirata et al. in 2002 (26) using HEp-2 cells and later by Bertuccini et al. in 2004 (6) using HEp-2 and Detroit 562 cells. One of the signs of pathogenicity for C7(Ϫ) and PW8 strains was such adherence. In our study, C7(Ϫ) showed adherence to Detroit 562 cells at a level comparable to that of the reference strain, and PW8 showed a much reduced level of adherence compared to these strains. Mandlik et al. (34) reported that disruption of the sortase (srtA) and/or pilin (spaB or spaC) gene resulted in almost complete loss of the adhesive properties of the C. diphtheriae reference strain (34) . Our results (Fig. 4) indicate that the C7(Ϫ) strain, lacking all of these genes, showed reduced adhesive properties compared to the reference strain. However, the activity was still higher than that of the ⌬spaBC mutant investigated by Mandlik et al. (34) , in which, based on our recalculation of their data, less than 2% of the inoculum adhered to the Detroit 562 cells. This suggests that the C7(Ϫ) strain possesses additional mechanisms that compensate for the lack of minor pilins. As for the larger genome size of C7(Ϫ) than of the reference strain, C7(Ϫ) could possess genetic information undetectable by CGH analysis, which might include genes sufficient for mediating adhesion to mammalian cells. This is not the case in the PW8 strain, where the srtA-spaABC region was present, but not in an intact form. The srtA sortase gene could be functional, because the two important residues His160 and Cys222 at the active center (23, 61) were conserved. However, spaC, one of the minor pilin genes crucial for attachment to the target cell surface (34), was largely affected by a 470-bp internal deletion and a concomitant frameshift mutation. The reading frame of another minor pilin gene, spaB, was not impaired, while two small in-frame deletions were found inside the gene. The observed differences in the pilus structure, especially the impairment in the spaC gene, might account for the reduced pathogenicity of the vaccine strain. According to Mandlik et al. (34) , single-deletion mutants of spaB or spaC exhibited reduced adhesive activity, but it was not as reduced as that in the double mutant ⌬spaBC. This is consistent with our results obtained with PW8, in which the spaB structural gene could be functional. Further, concerning the extent of the suggested single-nucleotide level differences from the reference genome scattered throughout the PW8 genome (Fig. 1C, row 2) , other possible mechanisms contributing to pathogenicity might also be impaired in PW8. Mandlik et al. (34) also showed that a ⌬srtA variant of the reference strain NCTC13129 still exhibited approximately 30% adhesion to Detroit 562 cells, indicating that spaABC-type pili are not solely responsible for adhesion to Detroit 562 cells. In addition, a ⌬(srtA-srtF) variant showed further reduced adhesion, suggesting the contribution to adhesion of some unknown factor mediated by at least one of the sortases encoded by srtB-srtF. On the other hand, in the present study, C7(Ϫ) and PW8, both of which are considered to lack spaD-and spaHtype pili mediated by sortases encoded by srtB and srtC (19) and srtD and srtE (59), respectively (Fig. 3) , still exhibited reduced but significant binding to Detroit 562 cells. The possibility remains that factors other than pili contribute to the cell adhesion in the cases of C7(Ϫ) and PW8.
On the other hand, a recently identified virulence factor, DIP1281, initially annotated as a putative invasion protein and later revealed to be an adhesion factor of nontoxigenic C. diphtheriae to Detroit 562 cells (43) , was present in all three of the strains with much less diversity than the srtA-spaABC region. The well-conserved DIP1281 gene may account, at least in part, for the cell adhesion still observed in strains lacking functional pili.
Another sign of pathogenicity was persistence of inoculated bacteria in mouse skin abscesses. Comparable levels of persistence of inoculated bacteria in abscesses were also shown for the reference and C7(Ϫ) strains when injected into mouse skin. To develop the mouse model, we first reproduced the results of the original experiments of Barksdale et al. (3) using rabbits (see Fig. S1 and S2 in the supplemental material). Toxigenic strains were shown to form abscesses, and the lesions were diminished by neutralizing antibody (antitoxin), indicating the large contribution of the toxin to the pathogenesis of C. diphtheriae. However, the nontoxigenic strain C7(Ϫ) was also able to form abscesses that were not neutralized by the antitoxin, suggesting the presence of pathogenicity factors other than the toxin. In the intradermal-injection system of Barksdale et al., physical invasion was used to aid the entry of the bacteria into host tissue. The model reflects one of the major forms of human diphtheria, cutaneous diphtheria, as sometimes associated with physical invasion, such as that due to insect bites (12) . Experimental infection models for several Corynebacterium species of veterinary importance (C. kutscheri [8] , C. bovis [28] , and C. pseudotuberculosis [47] ) also employ physical invasion mechanisms, including intradermal injection. In our rabbit experiments, we confirmed the necrotizing effect of diphtheria toxin by inoculating toxigenic strains (the reference strain and PW8). In addition, abscess formation by the nontoxigenic C7(Ϫ) strain was observed as another sign of pathogenicity, which has been reported by Barksdale et al. (3) . Diphtheria antitoxin neutralized the necrotizing effects of toxigenic strains but did not inhibit abscess formation (compare Fig. 5, sites 1 and 2) , indicating that the pathogenicity of C. diphtheriae could not be fully attributable to the toxin.
We then transferred the rabbit system to mice, an animal species insensitive to diphtheria toxin. The abscesses formed by C. diphtheriae were shown to contain viable bacterial cells 3 days after injection, which survived for at least 13 days (data not shown). Due to the greater persistence of viable bacterial cells in mice than in rabbits, mice could be good candidates for a C. diphtheriae skin infection model with the additional benefit of easier handling than rabbits, although the system is not suitable for assessing the overall pathogenicity, including the effect of the toxin. The maximum persistence of C7(Ϫ) and the reference strain was not very pronounced compared to the results of experimental infection models reported for other bacterial species (2, 11, 30, 53, 64) but was greater than that of PW8. Multiple bacterial cells were found in the vacuoles, some of which exhibited growth septa ( Fig. 6B and C) for the C7(Ϫ) strain. These results are consistent with previous observations by other groups. Thus, vacuoles containing bacteria have also been observed in in vitro studies using HEp2 and Detroit D562 cells infected with nontoxigenic (6) and toxigenic (26) C. diphtheriae strains. Recently, dos Santos et al. demonstrated the survival of the C7(Ϫ) strain in human U-937 macrophages (16) . Bacteria were also found in the cytosol outside vacuoles (Fig. 6A and B, arrowheads) . The escape of bacteria from vacuoles into the cytoplasm has been reported for Listeria, Shigella, and Rickettsia (15, 21) .
The third sign of pathogenicity was associated with human erythrocytes. The reference strain showed hemagglutination, whereas C7(Ϫ) exhibited hemolysis. PW8 showed none of these activities (Fig. 7) . Mattos-Guaraldi et al. have also reported great diversity among C. diphtheriae strains in hemagglutinating activity (36) . The results show that C. diphtheriae has diversity in pathogenicity, as well as in genome organization. In addition, the hemagglutination by the reference strain could be dependent on a sugar moiety on the erythrocyte surface, as shown by enhancement by trypsin and/or sialidase pretreatment of erythrocytes. The results suggest that adhesion of the bacterium to target cells upon respiratory infection might also be dependent on cell surface saccharides.
The high degree of genome plasticity in C. diphtheriae showed that the species could be more diverse than had been anticipated. Intraspecies genome diversity largely differs from species to species. In species such as certain mycobacteria, chlamydiae, and streptococci, genome diversity has been shown to be small, and the presence of very few or no PAIs has been demonstrated (54) . Possibly this is not the case for C. diphtheriae. Further studies on various C. diphtheriae strains may reveal novel virulence factors of the pathogen.
